as membrane receptors, this probably implies an important physiological function for the simultaneous presence of both classes of receptors.
In fact, there are reports in the literature (Takahashi et al. 1969; Litwin et al. 1973; van Boxel and Buell 1974) of synthesis of more than one H chain by single cells in human lymphoblastoid lines cultured in vitro. These observations, however, might be explained on the basis of the chromosomal abnormalities often found in these cells (see, for instance, Takahashi et al. 1969 ) and, although interesting in themselves, might not be very meaningful with respect to the biological problems indicated above.
One clear case of the synthesis of multiple classes of immunoglobulins by single immunocytes being explained by an abnormal choromosomal set is in lines obtained by the fusion of different plasmacytoma cells between themselves or with normal immunocytes (K6hler and Milstein 1975) . Of course in this case, the restrictions pertaining to the synthesis of one L-chain type and one H-chain variable region are also abrogated.
With this in mind, we will consider in this report mainly the evidence for multiple H-chain synthesis by single normal lymphocytes. The evidence from lymphoblastoid lines or from lymphomas should always be considered with a view to possible chromosomal abnormalities due to cell fusion or chromosome nondisjunction.
It is interesting to point out, however, that the latter case would still be compatible with the synthesis of different H chains with the same variable region (idiotype); the finding of only one L chain would not clearly disprove either cell fusion or chromosome nondisjunction.
The most common associations of two different H chains detected in single normal immunocytes are g plus 8 (Rowe et al. 1973; Knapp et al. 1973) and g plus 7 chains (Pernis et al. 1971) . In this report, we will consider the evidence in favor of an actual simultaneous synthesis of these chains by the cells.
EXPERIMENTAL DETAILS
Experiments were carried out in vitro on human peripheral blood lymphocytes and on mouse and rabbit spleen and lymph node lymphocytes. Periph-eral blood lymphocytes from healthy adults and from cord blood were separated on Ficoll-Urovison mixtures as described previously (Rowe et al. 1973) . Mouse and rabbit lymphocyte suspensions were prepared by teasing in cold balanced-salt solution (BSS) . Mouse spleen cultures were performed either in Falcon Microtest II plates or in Linbro FB-16-24TC plates, in the conditions described by Kearney and Lawton (1975) . A human continuous lymphoblastoid line was kept in culture in RPMI medium supplemented with fetal calf serum.
Antisera to human immunoglobulin classes were as described by Rowe et al. (1973) . Antisera to rabbit IgM and IgG, as well as anti-immunoglobulin allotype antisera, were the same as used and described previously (Pernis et al. 1970 (Pernis et al. , 1971 . Antisera to mouse IgM and IgG subclasses were raised against purified mouse myeloma proteins and absorbed with Sepharose-coupled, purified myeloma immunoglobulins of the other classes as well as with F(ab')2 fragment prepared from normal, pooled mouse IgG by pepsin digestion. The specificities of the antisera were routinely assessed by double immunofluorescent staining of mouse spleen cell smears with the fluorochrome-conjugated antibodies in all possible combinations as well as on plasmacytoma cells of the different classes.
The immunoglobulin fractions of the antisera prepared by repeated precipitation with 1.6 M ammonium sulfate and DEAE-cellulose chromatography were conjugated with fluorescein (FITC) or tetramethylrhodamine (TRITC) isothiocyanate (BBL, Baltimore, Md.), basically according to the method of Cebra and Goldstein (1965) , purified by Sephadex G-50 gel filtration and DEAE-cellulose chromatography, and used routinely at an IgG concentration of 0.5 mg/ml. Double staining for surface immunoglobulins was performed by incubating the cells with a fluorescein-conjugated antiserum for 20 minutes in the cold and for 10 minutes at 37~ to allow the reacted immunoglobulin to redistribute at one pole of the cell (capping). After washing with cold medium (BSS containing 10% fetal calf serum and 10 mM sodium azide), the cells were incubated for 30 minutes in ice with a rhodamine-conjugated antiserum of different specificity. The cells were then smeared on slides, fixed briefly in ethanol, rehydrated, and mounted in phosphate-buffered glycerol.
For detection of intracytoplasmic immunoglobulins, cells were flattened on slides with a Shandon-Elliott cytocentrifuge and fixed in cold ethanol for 10 minutes. After washing in phosphatebuffered saline (PBS), the cells were reacted for 30 minutes in a moist chamber at room temperature with one antiserum, thoroughly washed with PBS, and restained with a second antiserum of different specificity, coupled with a different fluorchrome, for 30 minutes, rinsed in PBS, and mounted in glycerol.
For the simultaneous detection of surface and intracytoplasmic immunoglobulins, the cell suspensions were first stained in the cold and in sodium azide-containing medium with a rhodamineconjugated antiserum, washed, smeared on slides by means of a cytocentrifuge, fixed in ethanol, and processed for intracytoplasmic staining by a fluorescein-labeled antiserum of the same or of a different specificity as indicated above.
A Leitz Orthoplan, equipped with an Opak-Fluor vertical illuminator and a HBO-100W/2 mercury vapor lamp (Osram), and a Zeiss Photomikroskop II, also equipped with a vertical illuminator and a HBO200 mercury vapor lamp, have been used for the fluorescence microscopy. Both microscopes were equipped with combinations of filters and dichroic mirrors for the selective visualization of fluorescein or rhodamine. Counts of total cells were made by phase-contrast microscopy.
RESULTS AND DISCUSSION

IgM Plus IgD
Normal B lymphocytes. The majority of normal B lymphocytes in the peripheral blood and in the lymphoid tissues of different species have two classes of membrane immunoglobulins, namely IgM and IgD (Rowe et al. 1973; Knapp et al. 1973; Melcher et al. 1974; Abney and Parkhouse 1974; Pernis et al. 1975 ). There is evidence that both classes are products of the cell that carries them and that both can reappear on the membrane after selective removal by "capping" with specific antisera or with anti-Fab antibodies that react with both classes of immunoglobulins. Both IgM and IgD have also been seen to reappear after removal from the membrane with proteolytic enzymes (Ferrarini et al. 1976b) , although in these conditions IgD may fail to reappear if the cells have been treated with an excessive concentration of the enzyme.
The simultaneous presence on the membrane of a given lymphocyte of both ~ and 8 chains that have been produced by that cell does not necessarily imply simultaneous synthesis of both chains, nor, in particular, simultaneous synthesis of both their mRNA molecules, since a "switch" from the synthesis of one mRNA to the synthesis of another, combined with a relatively long life of the mRNA molecules, might explain the observation. In fact, both a 8 to ~ and a ~ to 8 switch have been considered (Rowe et al. 1973; .
However, there is now good, albeit indirect, evidence that the B lymphocytes are first generated in the bone marrow or early in ontogeny as cells carrying ~ chains only , and that later in their development they acquire 8 chains as part of a process of antigen-independent matura-tion. On the other hand, at least some of these lymphocytes that have/~ and 8 on their mem.branes never lose the ability to synthesize ~ chains and can mature, with progressive loss of membrane 8 chains, to the stage of an IgM-secreting plasma cell. This process is clearly detectable in the bone marrow of patients with Waldenstr6m macroglobulinemia (Pernis et al. 1974) , where practically all B immunocytes are members of one clone that includes lymphocytes with membrane ~ plus 8 chains as well as plasma cells that have both ~t and 8 or only on their membranes and that contain IgM in the cytoplasm, which is the monoclonal protein that is secreted. A percentage of IgM-containing plasma cells in human tonsils also have 8 chains on their membranes, indicating their possible origin from lymphocytes carrying membrane ~ and 8 (Ferrarini et al. 1976a) . Therefore, the possible sequence of events in the maturation of at least some of the B-lymphocyte clones is that they begin with the synthesis of ~ chains only, then they activate the synthesis of 8 chains, without inactivating that of chains, and finally mature to IgM-secreting plasma cells that have lost their ability to synthesize 8 chains. This obviously implies that there should be lymphocytes capable of simultaneous synthesis of and 8 mRNA molecules, in keeping with the very high proportion of lymphocytes showing both chains. The alternative possibility of a/~ to 8 switch followed by a reversal (8 to #) does not make sense either in molecular or in physiological terms. However, this conclusion is based on the somewhat indirect evidence indicated above for a maturation of ~ plus 8 lymphocytes to IgM-secreting plasma cells; it would be desirable to obtain more direct support for this process, possibly with the use of a cell sorter.
Monoclonal lymphomas. Several cases of chronic lymphocytic leukemia have been described in which practically all the lymphocytes in the peripheral blood that had membrane immunoglobulins showed both /~ and 8 chains, in analogy with the above described findings on the majority of normal peripheral blood lymphocytes. Particularly interesting were those cases in which it could be shown that both IgM and IgD were marked by the same idiotype (Fu et al. 1974 ). It is difficult to explain on the basis of a/~ to 8 or 8 to ~ switch the fact that in these cases practically all the cells carry both chains, since clearly one should find at least a proportion of cells having one chain only. Again the more probable explanation is simultaneous synthesis, but the evidence in this case too is indirect.
Study of a lymphoblastoid line. Having in mind the
limitations imposed on the interpretation of such studies by the likely chromosomal abnormalities of these cells, as indicated in the introduction, we chose for this study one human lymphoblastoid line established and cloned in vitro (line BL) in which all the cells examined showed a normal chromosomal pattern. In fact, the chromosomal analysis showed that not only was there the normal number of 46 chromosomes, but also that this number was not the result of obvious deletions of chromosomes in some pairs being compensated for by additions in others (pseudodiploid); so, with the limitation that a chromosomal banding analysis was not done, the cells of this line should have carried only two chromosomes with the DNA region for the H-chain genes.
When examined in exponential growth phase, all the cells of this line reacted strongly with both the anti-/~ and anti-8 antisera, but not with antisera directed against -/or a chains. They were all positive with an anti-K antiserum but did not react with an anti-k. In this phase, all the cells in the culture were proliferating since, as shown by autoradiography, they all actively incorporated [3H]thymidine.
Under these conditions, if one excludes the unlikely possibility of alternating/~ to 8 and 8 to switches, the only reasonable explanation for the double presence of ~ and 8 chains on all the cells is simultaneous synthesis. This conclusion was further supported by experiments in which the cells were treated with an anti-8 antiserum (diluted 1/50 in the culture medium) for 48 hours. This treatment resulted in the rapid disappearance of IgD from the surfaces of the cells, whereas IgM was unaffected, but IgD reappeared on all the cells within 6 hours after the antiserum was removed. The converse happened in cells treated with an anti-/~ antiserum, but, in this case, the disappearance of IgM from the membrane was never complete.
IgM Plus IgG
Cells containing antibodies reacting with the same antigen but belonging to two different classes (IgM and IgG) were first detected in rats by Nossal et al. (1964) using the microdroplet technique. In these experiments, the proportion of "double" cells was in the range of 10-14% of all cells containing antibodies, the doubles being more frequent at days 3 and 4 of a secondary response. In mice, 5 89 days after a primary immunization with sheep erythrocytes, Nordin et al. (1970) detected a smaller (2-4%) proportion of cells producing antibodies belonging to the IgM and IgG classes (only the IgG1 subclass was studied). They concluded that the large number of cells producing IgG1 antibodies appearing during that period could not be originated by a "switch" from cells previously secreting IgM.
A small proportion of plasma cells containing both IgM and IgG in their cytoplasm can be demonstrated regularly in rabbit lymphoid tissues by immunofluorescence (Table 1) . When the same cell populations are scored for cells that have IgG in the cytoplasm and IgM on their membranes, the population of "doubles" is much higher, up to 15-16% of all the IgG-containing cells. These cells had matching a-locus (Vj~) and b-locus (K light chain) allotypes on their membranes and in their cytoplasm (Pernis et al. 1971) , in accord with the restrictions imposed by an expected identical antibody-combining site of the membrane IgM and the intracytoplasmic IgG. On the basis of this observation, the possibility was considered that IgG-secreting cells might derive from precursor lymphocytes having IgM on their membranes. This possibility was subsequently established by experiments showing the deletion of IgG production as a consequence of treatment with anti-/z antisera both in vitro (Pierce et al. 1972 ) and in vivo (Kincade et al. 1970; Lawton et al. 1972; Manning and Jutila 1972) and also by work done with the fluorescence-activated cell sorter (Jones et al. 1974) .
The "switch" within a clone from/z-chain synthesis to 7-chain synthesis is therefore established as the normal process that originates cells secreting IgG, and this easily explains the finding of cells that simultaneously bear IgM and IgG. It is not clear, however, whether this switch may include a period in which a single cell simultaneously synthesizes /Z and 7 chains and, in particular,/z and7 mRNAs.
We first thought of this latter possibility when we observed that out of 20 human IgG myelomas, there was one (unpubl. obs.) in which practically all the IgG-containing cells in the bone marrow showed membrane IgM; this pattern had not changed in a second bone marrow sample taken two months later. Another human IgG myeloma with this property has been observed by Preud'homme and Seligmann (1974) , but since in neither case has a chromosomal study been performed, the conclusions that can be drawn from these two myelomas are limited.
Recently, Kearney and Lawton (1975) have observed that it is possible to induce the appearance of a fair number of IgG-containing cells in cultures of mouse lymphocytes stimulated by gram-negative lipopolysaccharide (LPS) at low cell density. Since the appearance of IgG-containing cells was blocked by the addition of an anti-/z antiserum, it appeared that the system was suitable for the study of the IgM to IgG switch in vitro. In fact, these authors have reported (Kearney et al. 1976 ) that LPS stimulation of newborn mouse lymphocytes results in a progressive increase of cells bearing IgG2 on their membranes, and that for up to 33 hours of culture, all these cells also have membrane IgM, whereas cells with both [gM and IgG in the cytoplasm were quite rare at all times. In experiments with newborn cells, the proportion of cells double on the membrane for IgM and IgG fell rapidly after 33 hours of culture, whereas with cells from adult mice, the "doubles" were more persistent. In fact, it was still possible to suppress substantially the appearance of most cells with intracytoplasmic IgG2 by the addition of anti-/z antibodies as late as day 4 of culture.
We have performed similar experiments in which the three main IgG subclasses, namely, IgG1, IgG2a, and IgG2b, were studied separately and have extended these studies to the very early (6 hr culture) changes that take place after addition of LPS. Our results, obtained with spleen lymphocytes from adult mice, differ in some respects from those of Kearney et al. (1976) , who did most of their work on cells from newborn animals.
We have studied all the possible combinations of IgM and IgG subclasses (a) on the membranes of the cells, (b) on the membrane versus the cytoplasm, and (c) in the cytoplasm at various times after addition of LPS. lgM and IgG on the lymphocyte membrane. We first studied the effect of LPS on membrane immunoglobulins in short-term experiments. Table 2 shows the results of one experiment performed by incubating mouse spleen cells with LPS and staining for membrane immunoglobulins after 6 hours of culture. Table 2 deserve comment:
1. The spleen lymphocytes of our adult CBA/JCr mice have a relatively high number of lymphocytes with m e m b r a n e immunoglobulins, and, among them about one out of six has IgG of one subclass or another. It is unlikely t h a t these IgG were passively adsorbed or t h a t the relevant conjugates were bound nonspecifically through the Fc receptor since no cells were seen that reacted with more than one of the reagents directed against the different IgG subclasses. Many lymphocytes with m e m b r a n e IgG also had membrane IgM. 2. Six hours of culture with LPS resulted in a considerable increase in the proportion of lymphocytes with m e m b r a n e IgG. This increase is practically all due to an increase in the number of cells that carry both IgM and IgG on the membrane, whereas there is no significant increase in the percentage of lymphocytes t h a t carry IgG without IgM. Also, the increase of the membrane IgG population does not generate any cell with m e m b r a n e IgG of two different subclasses (many hundreds of cells were scored in each double staining condition for different IgG subclasses). No significant changes in the distribution of lymphocytes with different membrane immunoglobulins was observed in cultures m a i n t a i n e d for 6 hours without LPS. 3. In the LPS-stimulated cultures, there is some increase in the total percentage of cells with m e m b r a n e immunoglobulins, but the majority of the increase of cells with membrane IgG (plus IgM) seems to be due to the appearance of IgG molecules on cells t h a t previously showed IgM without IgG, since there is an almost proportional decrease of this l a t t e r population. Experiments are now in progress to investigate whether the proportion of cells with m e m b r a n e IgM without IgG that persists after LPS t r e a t m e n t corresponds to the proportion of cells t h a t carry membrane IgM and IgD.
The experiment was repeated three times with comparable results: the membrane IgG population after six hours of culture with LPS was always more than double that of the starting level. In a fourth experiment (Table 3) , we studied the effect of the addition of an anti-/~ antiserum on the rapid appearance of membrane IgG induced by LPS. As shown in Table 3 , the presence of anti-ft antibodies at sufficient concentration not only blocked the increase in percentage of cells with membrane IgG (plus IgM) induced by LPS, but actually caused the disappearance of m e m b r a n e IgG from those IgM plus IgG cells t h a t were present in the original sample, while apparently not affecting those cells t h a t had membrane IgG without IgM. As could be predicted, the anti-re antiserum also caused the loss of membrane IgM by all lymphocytes. We are now studying this phenomenon further, including membrane IgD in the pattern, and comparing the effect of anti-immunoglobulin antisera in the presence of LPS with what happens in the absence of the mitogen. It is worth remembering t h a t it has been established (Andersson et al. 1974 ) that anti-immunoglobulin antibodies block the immunoglobulin In other experiments, we followed the changes of cells with membrane IgM and IgG throughout a period of three days of culture with LPS. From the results of a typical experiment (Fig. 1 ), it appears that the cells with membrane IgM plus IgG that quickly increase in percentage after addition of LPS tend to progressively lose membrane IgM and become pure IgG; in fact, at day 3, the proportion of doubles and of cells with IgG only are almost equal, whereas, at the beginning, the doubles are much more frequent.
Of course, caution is needed in the interpretation of the variations observed in terms of changes in the expression of membrane immunoglobulins by single cells, since the total cell population is undergoing considerable transformation due to cell death and, after the first 48 hours, also to cell proliferation (see Fig. 2) . It is certainly possible that these two processes involve different groups of cells to different extents and therefore contribute to the observed changes in distribution; however, this can only have a small effect on the changes observed after 6 hours of culture since at this time there is certainly no cell proliferation and very limited cell death.
Membrane IgM and intracytoplasmic IgG. Cells containing intracytoplasmic immunoglobulins first appeared in our LPS-stimulated cultures at day 3 and progressively increased in percentage until (at day 5 or 6 in different experiments) about 60% to 70% of all blasts had immunoglobulins in their cytoplasm. IgM-containing cells appeared first and were the predominant population throughout; cells containing IgG of the different subclasses first appeared at day 4 and then increased in frequency up to about 20% of all ceils at day 7 of culture.
It was of interest to study how many of these latter cells had membrane IgM, in analogy with the IgG-containing cells with membrane IgM that we detected in rabbit lymphoid tissues (Pernis et al. 1971, and Table 1 ). Figure 3 , summarizing the results of this study, indicates that a high proportion of IgG-containing cells of the different subclasses have membrane IgM at day 5 of culture, and that this proportion declines in the following days. In principle, this re- sult is comparable to that reported by Kearney et al. (1976) for similar experiments on adult mouse lymphocytes, although the decline of the "double" population appears to take place earlier in their cultures.
Cytoplasmic IgM and cytoplasmic IgG. Cells that had been cultured for 5 to 7 days in the presence of LPS were flattened on cytocentrifuge slides and, after fixation, subjected to double staining to detect the presence of more than one class of immunoglobulin in the cytoplasm. The results are reported in Tables 4 and 5 . It appears that at day 5 there are many cells that have both IgG and IgM in their cytoplasm (as many as those that at the same day have intracytoplasmic IgG and membrane IgM), but that not one single IgG-containing plasma cell (out of many hundreds scored) had in the cytoplasm two different IgG subclasses. At day 7, the total percentage of IgG-containing cells has increased, but the aliquot that has both IgG and IgM in the cytoplasm is drastically reduced (to about 10% of the IgG-containing cells and 2-3% of total cells).
These observations were repeated in seven different experiments. The high proportion of "double" cells observed by intracytoplasmic staining at day 5 was surprising in view of the fact that these cells are rare in lymphoid tissues, even after stimulation (see Table 1 ), and has not been observed by Kearney et al. (1976) in LPS-stimulated cultures of newborn spleen lymphocytes.
The possibility that one or more of our antiimmunoglobulin reagents lacked the required class specificity seems unlikely not only in view of the controls performed (see Experimental Details), but also because of the complete absence of doubly stained cells for different IgG subclasses and, above all, considering the results with the cells at day 7. The discrepancy with the observations on lymphoid tissues might be due to a different behavior of cells in LPS-stimulated cultures or might perhaps be explained by the possibility that cells containing both IgM and IgG are also frequent in vivo but are located in some areas of the tissues (e.g., in the germinal centers) from which they are difficult to bring into single cell suspension by the ordinary teasing procedures without causing too much mechanical damage. In fact, most of our doubly stained cells had the appearance of blasts or medium-size lymphocytes, while very few of them looked like mature plasma cells. The discrepancy with the observations of Kearney and Lawton (1976) is more difficult to explain: Perhaps it was due to the fact that we counted all the cells that showed what we considered a significant staining and not only the bright ones, or it might be due to the use of adult mouse spleen cells in which the loss of the synthesis of IgM in cells that have started the synthesis of IgG appears to be more delayed than in cells from newborns.
On the whole, all our work on the simultaneous presence of IgM and IgG in single cells from LPSstimulated cultures indicates that these cells appear very early after stimulation and that they persist for 4-5 days before they eventually mature to cells that secrete only one class. We do not know what the ultimate development of the cells derived from the lymphocytes with membrane IgM plus IgG is, nor, in particular, whether they can generate only IgG plasma cells or IgM plasma cells as well. This problem, as well as the problem of those cells that proliferate in the cultures and have membrane immunoglobulins but remain negative for intracytoplasmic staining, remains to be investigated.
With regard to the question of simultaneous synthesis of ~ and T chains by single lymphocytes, we think that the existence of numerous cells with beth IgM and IgG on their membranes already after 6 hours of stimulation with LPS, together with the persistence of these cells for some days and the appearance of cells, presumably derived from them, that have cytoplasmic IgG and membrane IgM or beth IgM and IgG in the cytoplasm (all these conditions being equivalent for considering the simultaneous expression of ~ and T), indicates the possibility of simultaneous synthesis of/~ and T chains by a single cell. It is therefore conceivable that the Values given are average of two experiments.
Cold Spring Harbor Laboratory Press on April 20, 2015 -Published by symposium.cshlp.org Downloaded from IgM plus IgG condition is not basically different from the IgM plus IgD condition: that is, in both cases there is simultaneous synthesis of two different heavy chains by the same cell, although the period of simultaneous synthesis appears to be longer for IgM plus IgD than for IgM plus IgG. It is possible that in both cases the simultaneous synthesis of two different chains reflects the simultaneous synthesis of the two corresponding mRNA molecules, although this has not been proved.
The next question is whether there are cells that synthesize/~ plus ~ plus T or 8 plus T. We are presently investigating this problem in the mouse. In man, the evidence so far available for normal immunocytes indicates complete reciprocal exclusion of 8 and T (Ferrarini et al. 1976a) , and therefore no evidence has been found for the ability of a single, normal immunocyte to synthesize simultaneously more than two heavy chains. It appears that the/x plus 8 and the/~ plus T populations are separate, although a passage of a given cell from the former to the latter group is possible through a sharp 8 to T switch (for which there is indirect evidence, Pernis 1975) with a rapid loss of 8.
It is also quite clear from our results that there is complete exclusion among the different IgG subclasses, and thus, for the moment, one may put forward the empirical rule that normal B immunocytes can simultaneously synthesize two, but no more than two, different immunoglobulin heavy chains, one of which must be/x. This rule is provisional and does not take into account the a chains, whose cellular expression has not been sufficiently studied. What meaning the simultaneous synthesis of two different heavy chains by single immunocytes has for the genetic control of immunoglobulin synthesis and for the physiology of B immunocytes remains to be studied.
